The adaptive immune system generates highly specific immune responses against invading pathogens and plays an important role in maintaining the balance with commensal microorganisms. It also harbors the ability to protect against cancer and to prevent future infections through the formation of memory, the underlying principle of vaccination strategies. However, uncontrolled or unwanted immune responses can lead to severe disease, eg, if lymphocytes attack the own body in autoimmune diseases, overreact to commensal microbes in inflammatory bowel diseases, or mount responses against harmless structures in allergies or celiac disease. 
| INTRODUC TI ON
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| ANTI G EN RECOG NITI ON

| B cell antigen recognition
B cells express about 10 5 B cell antigen receptors (BCRs) on their surface. Each BCR is composed of a membrane-bound immunoglobulin (Ig) that mediates antigen binding and two associated signaling molecules, Igα and Igβ, that connect the BCR to intracellular signaling pathways and thereby mediate cellular responses. 2, 3 Igs are Y-shaped molecules composed of two identical membrane F I G U R E 1 Investigating convergent antibody responses for reverse engineering of germline targeting vaccines. Upon exposure to the same immunogenic stimulus, different donors can elicit antibody responses with convergent Ig gene sequences and antibody structure that engage into similar antigen-antibody interactions. B cell responses in individuals are influenced by the diversity of the naive B cell repertoire, the frequency of antigen-specific precursor B cells within the repertoire and stochastic effects associated with the immunization. Convergent responses are characterized by similar Ig gene sequences, similar antibody structure and similar antigen binding mode of these antibodies. To evaluate the functional relevance of convergent antibodies, it is essential to study their antigen binding mode as well as their neutralization capacities. Knowledge of the structure of epitopes bound by neutralizing antibodies can be used to design and engineer vaccines that target antigen-specific naive B cell precursors that express antibodies with neutralizing potential to maximize vaccine efficacy anchored heavy chains (IgH) and two identical Ig kappa (Igκ) or Ig lambda (Igλ) light (IgL) chains encoded by different genes. 4 
| Effector functions of antibodies
| MECHANIS MS UNDERLYING ANTIG EN RECEP TOR D IVER S IT Y
| Diversity in the naive B cell repertoire
The genes encoding IgH and IgL chains are assembled from a large number of IGH variable (V), diversity (D) and joining (J) and IGK or IGL V and J gene segments as well as a small number of C region segments during the early stages of B cell development in bone marrow. 24 The combinatorial diversity which is generated by V(D)J recombination is further increased by the imprecise nature of the rearrangement process that deletes and adds nucleotides while the 32 Lastly, the random nature of V(D)J recombination is agnostic to the origin of the target antigens and therefore generates antigen-receptors that recognize self-antigen and could be potentially harmful. Indeed, the vast majority of newborn B cells in bone marrow that are generated every day throughout our life is self-reactive and many cells express
BCRs that lack specificity and cross-react with self-as well as nonself antigens. 33 At the genetic level, self-and polyreactivity are in part reflected by unusual CDR3 lengths or amino-acid compositions.
For IGH genes, this may include recombination events using long IGHD gene segments or non-typical reading frames as well as high usage of IGHJ6, the longest J gene segment. [34] [35] [36] To purge self-and polyreactivity from the repertoire and to avoid autoimmunity, developing B cells need to pass two self-tolerance checkpoints before they antibody-antigen interactions often involve more than just one mutation to achieve similar effects. 45 Iterative mutation and selection rounds may be required and will likely take longer to accumulate. 46 Thus, antibody affinity may increase only slowly and will be associated with higher overall SHM loads. It is important to note that high antibody affinity is not necessarily associated with protection, since the immune system cannot select for improved pathogen inhibition in germinal center reactions. Therefore, protection depends not only on affinity but also on antigen-and epitope-specificity as well as isotype.
| Diversity at cellular level
Due to the limited access to organ or tissue samples, most human repertoire assessments are performed with peripheral blood samples, which contain two major CD19-positive B cell populations:
antigen-inexperienced (naive) and antigen-experienced B cells. 47, 48 Both aim to overcome these limitations. 66 They are based on the analysis of independent bulk cell pools to identify clonal expansion events.
Presence of the same IgH and IgL chain gene sequences in datasets from independent cell pools serves as indicator for clonal expansions. Therefore, this strategy strongly depends on low repertoire diversity and cannot be used to assess naive B cell populations.
Especially, the lower degree of IgL chain gene recombination and somatic mutation diversity compared to IgH chains limits stochastic pairing approaches. 77 The Ig genes of each cell are amplified in independent PCR reactions with different combinations of barcoded primers that uniquely label all amplicons and therefore enable multiplexed NGS runs and subsequent consensus sequence building. 
| Single-cell sequencing
| COMPUTATIONAL REPERTOIRE ANNOTATION
| Annotation of repertoire sequencing data
| Inter-individual diversity of germline genes
Both probabilistic and deterministic Ig gene sequence annotation tools rely on alignment of the query sequence to a database of known germline gene segments. Such databases are for example provided by IMGT 25 or Ensemble. 85 In addition to single nucleotide polymorphisms within Ig germline gene segments, more and more attention has been brought to structural heterogeneity in the human Ig loci. 89, 90 Recent data show that a major part of the inter-individual diversity within the germline IGHV gene segments is the result of deletion or duplication events of specific genes in different haplotypes. 91 In the absence of genomic information, it may be difficult to distinguish allele variants from gene 
| Insights from B cell repertoire diversity measurements
It remains unclear, to what extent inter-and intra-individual diversity in naive and memory B cell repertoires is driven by genetic factors or by antigen exposure, respectively. To obtain insights in the development of naive and antigen-experienced B cell repertoires statistical inference approaches have been used to investigate overall repertoire diversity and to identify selection patterns. 31, 94 From these analyses, it has become apparent that not all recombination events occur with the same likelihood and that the transition from the naive to the memory B cell repertoire enhances these effects by selecting sequences with higher generation probabilities. 94 In mice, the composition of the naive B cell repertoire seems to be majorly influenced by genetic predisposition, 95 whereas repertoires of antigen-experienced plasma cells and memory B cells elicited by immunization appear to be more stochastic, with some level of sequence predetermination based on the antigen that was used for immunization. 95 A human study with identical twins found correlations in memory B cell repertoires within twin pairs after immunization with varicella-zoster, suggesting that the memory repertoire had been shaped by underlying genetic effects. 96 Surprisingly, the same study showed that the plasmablast repertoire was less convergent.
The findings illustrate how genetic and stochastic effects impact on acute B cell responses and highlight the differences between repertoires in different B cell populations.
96,97
| Gene signatures and public repertoires
Antibodies with structurally similar V regions and antigen recognition sites that are elicited in different individuals are also termed antibodies with "public" or "convergent" signatures. Despite the high diversity of the B cell repertoires within and between individuals, scientists have searched for similarities in Ig genes to identify public antibodies. 65, 113, 121 or vaccination with bacterial antigens. 122 The sequence similarity measures that were used in these studies typically rely on IgH CDR3
amino acid sequence similarity due to its high degree of diversity, which increases the chance that it is unique for a given antibody and due to its prominent involvement in antigen binding. In some studies, IGH V and J annotations are taken into account. 113, 119 Since light chains can play a major role in the interaction with the antigen, IgH chain based similarity-clustering approaches remain limited.
123-125
| S TRUC TURE AND FUN C TI ON OF ANTIBOD IE S
| Binding modes and location of antigen interacting residues in the paratope
The difficulties to find antibodies with similar reactivity based on the clustering of their antibody gene sequence data is linked to differences in how these antibodies recognize antigen. As described above, antibodies can be classified into different re- Figure 2B . 127 In this antibody, amino acid stretches in HCDR2 and HCDR3 together with IgL CDR1 and CDR3 form the antigen-binding pocket. Globular antigens like the Zika virus envelope protein DIII can be bound by antibodies using large interaction interfaces that span all six IgH and IgL CDRs ( Figure 2C) . 128 In the HIV anti-gp140 V1V2 region antibody depicted in Figure 2D , the long IgH CDR3, which protrudes into a pocket that is hidden by shielding N-glycans, plays an essential role in antigen-binding. Residues interacting with the surrounding glycans involve HCDR2 as well as parts of HCDR3 and LCDR1
and LCDR3. 129 Figure 2E illustrates that antigen binding residues in specific regions of the antigen binding site can dominate antigen binding. 130 The depicted influenza hemagglutinin-binding antibody recognizes the antigen via its HCDR1 and HCDR3 with little involvement of the IgL chain.
With these representative examples it becomes apparent that antibodies can bind antigens in very different manners and that the antibody protein stretches necessary for binding vary from antibody to antibody. Consequently, HCDR3 sequence similarity clustering might be able to identify antibodies that bind antigen in a similar way as the examples shown in Figure 2D and E. However, HCDR3-based clustering approaches are not expected to work well for antibodies with binding modes similar to the examples depicted in Figure 2A and 153 Often, structure modeling tools are also used to design antibodies that target a specific epitope or to improve antigen binding of known antibodies. [154] [155] [156] Moreover, several studies combined computational structure modeling and crystallographic approaches. [157] [158] [159] [160] [161] [162] Over the last years, antibody structure modeling has been developed to a level where it can also be used to gain information on antibody-antigen interactions. However, the prediction algorithms have to be further developed and their results carefully assessed to determine their overall reliability and biological relevance. RSV-neutralizing antibodies. 164, 165 In the field of HIV, major efforts were taken to characterize the convergence of antibody recognition of every site of vulnerability, as reviewed in Kwong et al. 166 For example, the VRC01 family of antibodies inhibits virus entry into cells by mimicking the CD4 molecule and blocking of the CD4 binding site on gp120. [167] [168] [169] Knowledge on how VRC01 antibodies recognize the CD4 binding site and acquire broad neutralizing activity against diverse HIV strains have been used to design immunogens that induce VRC01 type antibody responses. [170] [171] [172] Similar work combining structure characterization and immunogen design has been performed for other families of antibodies against the HIV spike. 173, 174 Compared to HIV and other viruses, antibody responses against more complex pathogens such as bacteria or parasites are less well understood and research in these areas is just emerging, eg, to identify target antigens and epitopes of protective antibodies against the human malaria parasite P. falciparum 131, 132, [175] [176] [177] 
| CON CLUS I ON AND OUTLOOK
High-throughput sequencing technologies have dramatically increased the depth at which antigen receptor repertoires could be studied to better understand the intra-and inter-individual diversity at gene and transcript level. Due to the relatively low costs, high-throughput strategies are widely applied to assess repertoire diversity under various conditions. Although we are beginning to unravel the complexity of the system and the factors that influence the composition of the repertoire, our understanding of the biological impact of these findings is still highly limited. Our long-term goal is to be able to faithfully predict the quality of lymphocyte responses based on repertoire similarities at antigen receptor gene and translated protein sequence level for the development of protective and therapeutic intervention strategies to prevent or fight disease.
Several milestones have to be reached before this mission can be widely accomplished in any field. The first one will be a broader understanding of the genomic diversity in the loci encoding for antigen receptor gene segments, both at structural and single nucleotide level, and of the underlying rearrangement process. We now understand that both factors impact on the rearrangement probability of individual gene segments and therefore overall repertoire composition. Second, we need to gain deeper insights in how repertoire diversity is influenced by the cellular context at the level of paired antibody or TCR genes. Probably, fine specificity and binding mode will be a major determinant of the functional properties in these settings, beyond sequence or structural similarity. At cellular level, protection will have to be assessed by vaccination and the formation of memory cells as well as the production of serum antibody titers. 46, 179 In summary, the number of available tools and assays to assess the high degree of diversity in the adaptive immune system at gene, protein, and function level is continuously growing. Sorrow assessments of the functional relevance of data obtained from repertoire analyses require a broad range of expertise to extract meaningful information that will pave the way to translation into clinical application.
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